Introduction
============

Gastric cancer (GC) is the fifth most common type of cancer in the world and the third dominating cause of cancer-related deaths [@B1].The early stages of gastric cancer are usually asymptomatic or just nonspecific symptoms. The cancer was often advanced and had a poor prognosis by the time of diagnosis [@B2]. Adenocarcinoma is the major type of GC. It can be further subdivided into intestinal and diffuse types according to Lauren\'s classification [@B3]. Although surgical skills for the treatment of GC have been improved and numerous novel chemotherapy regimens have also been developed, the survival rate still keeps low [@B4].One of the important reasons for the poor prognosis in GC is the invalidity of anticancer agents to target tumor cells and tissues selectively [@B5].Therefore, it is of great significance to find a promising therapeutic target and a new biomarker to predict the prognosis of gastric cancer.

TNFRSF11B is also termed Osteoprotegerin (OPG). It is a member of the tumor necrosis factor receptor super family (TNFRSF). It is a secreted protein and a soluble decoy receptor for tumor necrosis factor (TNF)-related apoptosis inducing ligand (TRAIL). TNFRSF11B was initially found to bind to the nuclear factor-kappa B(NF-kB) receptor activator, thereby promoting the homeostasis of bone metabolism [@B6].

It is expressed as a circulating glycoprotein of 401 amino acids with seven structural domains [@B7] and has been well-characterized as a regulator of bone remodeling via preventing the breakdown of bone and blocking osteoclast maturation [@B8].The TNFRSF11B gene is located on chromosome 8 at the 8q24 position, which seems to harbor a gene cluster involved in the regulation of bone development and remodeling. Circulating TNFRSF11B can be found either as a free monomer of 60 kDa or as a disulphide bond-linked homodimer form of 120 kDa, which usually has more biologically active than a monomer form [@B9], [@B10].

TNFRSF11B has two known TNF family ligands: TNF related apoptosis-inducing ligand (TRAIL) and receptor activator of nuclear factor (NF)-kB ligand [@B11].In tumor, TRAIL is produced by monocytes in response to interferon (IFN)-γ or -α and is the principal mediator of acquired tumor killing activity of these cells. TRAIL binds membrane-bound receptors carrying death domains(DR4 and DR5) \[12\]and a decoy receptor.TNFRSF11B competes for the binding of TRAIL to death activated receptors, providing a mechanism to prevent apoptosis in the presence of TRAIL.Therefore,TNFRSF11B expression may be an appropriate strategy to avoid TRAIL- induced apoptosis, leading to the development and progression of tumor. In addition, TNFRSF11B also induces angiogenesis, one of the hallmarks of cancer, thus facilitating tumor growth [@B6].

Recent research has shown that TNFRSF11B is involved in the development and progression of several human malignancies [@B13]-[@B21]. In gastric cancer, high expression of TNFRSF11B was found in gastric cancer cell lines, primary cancer and bone metastasis tissues. And its high expression was closely related with deep infiltration, lymph node metastasis and poor prognosis [@B22], [@B23]. Even its copy number gains were associated with poor survival in GC patients, particularly in noncardia GC patients [@B24]. However, there are no studies for the biological function and molecular mechanism of TNFRSF11B in gastric cancer. In our study, we aimed to clarify the molecular roles of TNFRSF11B in gastric cancer. We suggested that TNFRSF11B is potentially useful as a prognostic biomarker and could be a novel therapeutic target for gastric cancer.

Materials and Methods
=====================

Bioinformatic analysis of TNFRSF11B expression in cancer and normal tissues
---------------------------------------------------------------------------

We used the paired-sample *t*-test for multiple testing to identify the expression of TNFRSF11B in gastric adenocarcinoma tissues(n=415) and normal tissues (n=34) from the Cancer Genome Atlas(TCGA) project gastric cancer database and in a range of gastric cancers (gastric adenocarcinoma n=173, diffuse gastric adenocarcinoma n=45,gastric intestinal type adenocarcinoma n=41, gastric papillary adenocarcinoma n=3,gastric tubular adenocarcinoma n=31, mucinous gastric adenocarcinoma n=12, signet ring cell gastric adenocarcinoma n=2) from the Oncomine database.

Cell culture
------------

Human GC cell lines, including HGC-27, BGC-823, MGC-803and SGC-7901, were purchased from Cell Bank of the Chinese Academy of Sciences. All the GC cells were cultured in DMEM(GIBCO, Carlsbad, NY, USA)with 10% Fetal bovine serum (FBS)(GIBCO, NY, USA) and 1% antibiotics at 37ºC in a humidified incubator under 5% CO2 condition.

Tissues sample from patients with gastric cancer
------------------------------------------------

The human gastric tumor samples of 70 paraffin- embedded were obtained from Peking University Beijing Cancer Hospital between October 2005 and December 2010. The gastric cancer patients all underwent radical gastrectomy. All patients were followed until 2015. And another total of 160 GC tissues were obtained from patients who were diagnosed and underwent radical resections at Peking University Cancer Hospital between 2007 and 2010 and followed up to 2016. All patients with gastric cancer signed the informed consent, and this was conducted in accordance with the Declaration of Helsinki. The tissues collection was approved by the Ethics Committee of Beijing Cancer Hospital. Clinicopathological data and follow-up information was collected from patient data by us. Gastric cancer staging was based on the 2018 tumor node metastasis (TNM) grade recommended by the American Joint Committee on Cancer (AJCC 8th edition). T and N grades were evaluated according to the final pathological results, and M grades were determined according to the surgical results. Overall survival (OS) was calculated from the date of initial surgery to the date of tumor death or the last follow-up. All of the patients received no preoperative chemotherapy or radiotherapy. This study was approved by the ethics committee of Beijing cancer hospital affiliated to Peking University (Approval name: The research on protein molecular network in gastric cancer, Approval number: 2015KT40).

Immunohistochemistry
--------------------

Four micron sections were extracted from formalin fixed 70 paraffin-embedded (FFPE) tissues, dewaxed in xylene, and washed with graded alcohol for rehydration. The antigen retrieval was carried out in 0.01M citrate buffer (pH 6.0) by autoclaving for 3 minutes, and then immersed in methanol with 3% hydrogen peroxide for 10 minutes to block endogenous peroxidase activity. Then the sections were blocked by normal sheep serum (DAKO, Germany) for 1 hours at room temperature and after that incubated with TNFRSF11B polyclonal antibody (Abcam, MA, USA, Cat No: ab73400) diluted at 1:1000 for the night at 4°C. We used diaminobenzidine as a chromogen and hematoxylin was used as redyeing agent. The Samples were considered TNFRSF11B- positive when TNFRSF11B staining was present in the cytoplasm of 10% or more cancer cells. TNFRSF11B expression was independently evaluated by two experienced pathologists who had no knowledge of the patient\'s clinical outcomes. The two pathologists had a high degree of agreement, with a small number of differential cases (\<5%) reaching agreement after joint review.

RNA extraction and gene microarray analysis
-------------------------------------------

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions. The RNA was quantified by NanoDrop 2000. The 160 samples were used to synthesize double-stranded cDNA, and the cDNA was then labeled and hybridized to the Gene Expression Microarray (CapitalBio platform v 4.0, CapitalBio Technology, China) according to the manufacturer\'s protocol. After hybridization, the arrays were washed, and the slides were scanned with an Agilent Microarray Scanner. Raw data were extracted as pair files using the Agilent Feature Extraction. The random variance model was used to identify the differentially expressed genes. The paired t-test was used to calculate the P-value.

TNFRSF11B was stably overexpressed and silenced in GC cells by lentiviral vector transduction
---------------------------------------------------------------------------------------------

According to the manufacturer\' s instructions, Overexpression Lentivirus was produced via the co-transfection of 293T cells with a pEZ-lv105 vector (pEZ-Mock or pEZ-TNFRSF11B) and lentiviral packaging mix (Invitrogen, Carlsbad, CA,USA). According to the manufacturer\'s instructions, Knockdown Lentivirus was produced by the co-transfection of 293T cells with a piLenti vector (pEZ-Scramble or pEZ-shTNFRSF11B) and lentiviral packaging mix (Invitrogen, Carlsbad, CA, USA). After transfection for 48 hours, Lentivirus-containing supernatant was collected, centrifuged, and stored at -80°C. For transfection of the virus, 1 mL of the Mock or TNFRSF11B lentiviruses was incubated with HGC- 27 and BGC-823 cells overnight at 37°C in a 5% CO~2~ humidified cell culture incubator. Stable GC cells with increased endogenous TNFRSF11B expression were selected via culturing in puromycin (1 μg/ml).1 mL of the Scramble or shTNFRSF11B lentiviruses was incubated with MGC-803, SGC-7901 cells overnight at 37°C in a 5% CO~2~ humidified cell culture incubator. Stable GC cells with decreased endogenous TNFRSF11B expression was selected via culturing in puromycin (1 μg/ml).

Quantitative real-time PCR (qRT-PCR)
------------------------------------

According to the manufacturer\'s instructions, total RNA was extracted from cultured cells with Trizol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was generated from 1 μg total RNA with a first-strand cDNA synthesis kit (Promega, Madison, WI, USA); 1 μL of cDNA was amplified with SYBR-Green in 20 μL reactions. The following primers were used to detect the expression of TNFRSF11B and GAPDH (internal control):

TNFRSF11B (Forward): 5\'-CTGGAACCCCAGAGCGAAAT-3\'; TNFRSF11B (Reverse): 5\'-GCGTTTACTTTGGTGCCAGG-3\'; GAPDH (Forward): 5\'-GACCCCTTCATTGACCTCAAC-3\'; GAPDH (Reverse): 5\'-CTTCTCCATGGTGGTGAAGA-3\'.

The protocol was carried out according to the manufacturer\'s instructions. The results were standardized to the expression of GAPDH.GAPDH was used as an internal control. The experiments were performed in triplicate.

Western blot analysis
---------------------

All cells were lysed in RIPA lysis buffer, (Pierce Biotechnology, Rockford, IL) containing a protease inhibitor cocktail (Roche, Basel, Switzerland) for 30 minutes on the ice, and centrifuged at 15,000×g for 20 minutes. Proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a 0.45 µm polyvinylidene difluoride (PVDF) membrane (Whatman, Germany). The membrane was blocked with 5% skim milk (pH 7.6) for 1 hour at room temperature, and then incubated with primary antibodies diluted overnight at 4°C. The membrane was washed in Tris Buffered Saline Tween (TBST) and incubated with a diluted horseradish peroxidase (HRP)-conjugated secondary antibody (1:5000) for 1 hours at room temperature. Finally, the membrane was developed using a chemiluminescence detection system (Amersham Imager600, GE, USA). The protein levels were normalized to GAPDH. The densities of the proteins were quantified with Image J software.

Cell proliferation assay
------------------------

According to the xCELLigene manufacturer\'s instructions, the baseline was measured and 10% fetal bovine serum was added to the lower chamber. Cells were seeded in a RTCA E-Plate 16 (RTCA, xCELLigence Roche, Penzberg, Germany) at 2×10^3^ cells per well. The plates were incubated at room temperature for 30 minutes before measurements began. The cell index was measured in a time resolved manner (every 10 min during 96 h). The experiments were performed in triplicate.

Transwell migration and invasion assays
---------------------------------------

Cell migration was evaluated with wound-healing and transwell assay. For the wound-healing assay, cells (3×10^4^cells/well) were seeded into 96-well culture plates (Corning-Costar, NY, USA). When cells reached \>90% confluence, at 12 hours after seeding, wound scratches were made by a 96-pin WoundMaker (Essen BioScience), and relative wound densities were measured by the IncuCyte Zoom system over a 2-day period. The experiments were performed in triplicate.

In transwell chamber migration and invasion assays, 3×10^4^ cells were put into each chamber, providing with serum-free medium, and permitted to pass through a polycarbonate filter, which had been either precoated by 100 μg Matrigel (Becton Dickinson, San Jose, CA) for the invasion assay or left uncoated for the migration assay. The outside of chambers was filled with DMEM, containing 10% FBS. Cells on the upper surface of the filters were erased after 24 hours (SGC-7901) or 48 hours (HGC-27, BGC-823 and MGC-803) in migration assays. Cells on the upper surface of the filters were erased after 48 hours (SGC-7901) or 72 hours (HGC-27, BGC-823 and MGC-803) in invasion assays. The membranes were fixed with methanol for 15 minutes and stained with 0.5% crystal violet for 15 minutes. The cells on the underside of the filter were photographed and counted in five randomly selected microscopic views.

Colony formation assay
----------------------

Cells (500cells/well) were seeded in 6-well plates (Corning-Costar, NY, USA). The medium was changed at regular intervals. After a period of cultivation (2 weeks), adherent cells were washed thrice with PBS and fixed with methanol for 15minutes at room temperature. Colonies were dyed with 0.5% crystal violet for 15 minutes and then washed with distilled water and air-dried. The colonies were counted by light microscopy. Experiments were performed in triplicate.

Flow cytometric analysis
------------------------

### Cell cycle assay

Cells were synchronized in the G0/G1 phase via incubating them in a serum-free medium for 24 hours, and then with DMEM and 10% FBS for 24 hours. Then the cells were trypsinized and washed three times with PBS. Afterwards the cells were fixed with 70% ethanol for 24 hours at -20°C.The samples were washed with PBS and dyed with PI/RNase staining buffer (BD Biosciences) for 15 minutes. Cell cycle analysis was performed via using fluorescence flow cytometry on a FACScan machine (BD Biosciences, San Jose,CA, USA).

### Apoptosis assay

Per well 5×10^5^ cells were cultured on 6-well plates (Corning-Costar, NY, USA) for 24 hours at 37˚C in a 5% CO2 condition. After incubation, the adherent cells were detached with 0.25% trypsin/ 0.01% EDTA. The detached and suspended cells were collected in DMEM with 10% FBS and centrifuged at 1,500 rpm for 5 minutes. Cells were washed with 1× PBS and stained with 200 µL binding buffer containing 3.5 µL FITC Annexin v and 3.5 µL propidium iodide (PI) (Dojindo, Japan). Cells were incubated at room temperature for 15 min and analyzed by flow cytometry.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
--------------------------------------------------------------------------

Apoptosis of gastric cancer cells was detected with One-Step TUNEL Apoptosis Kit (Green) (RiboAPO, Ribobio, China) according to the manufacturer\'s instructions. After TUNEL staining, the gastric cancer cells were stained using Hoechst and observed using a laser scanning confocal microscope (leica, Germany). The number of apoptotic cells is presented as a percentage of the total cells counted.

Luciferase assay
----------------

The transcriptional activity was analyzed by the TopFlash and its mutant FopFlash (Addgene, USA) which were constructed by the TCF-responsive luciferase. TopFlash vector has 6 TCF binding sites, every 3 of which are in opposite directions. Negative control FopFlash had TCF binding site mutation. The relative activity of luciferase was determined by double luciferase reporter kit (Promega, USA). After transfection for 48 h, relative luciferase activity was determined and normalized to protein concentration. The results were the average of three independent experiments. We Used the PRL-TK report vector as the internal control vector. The statistical results came from three independent experiments.

Immunofluorescence assay
------------------------

The cells were fixed in 4% paraformaldehyde solution and 1% Triton solution was added to penetrate the cell membrane. Normal sheep serum ((DAKO, Germany) was then used to block the cells at room temperature for 30 minutes. After incubating with primary antibodies (Active-β-Catenin Antibody, Merck, Germany, Cat No: 05-665-25UG ,1:100) at 4°C for 12-16 hours, Primary antibody binding and nucleus were detected in the dark using fluorescence secondary antibody (1:100) and Hoechst staining kit, respectively. A laser scanning confocal microscope (Leica, Germany) was used to observe the cells. In each experiment, at least 200 cells were counted.

Nuclear protein extraction assay
--------------------------------

The assays were carried out according to the manufacturer\'s instructions for the Qproteome Cell Compartment Kit (Qiagen). 20 μg protein from each part was loaded into each well.10% SDS-PAGE and western blot were performed according to the above method.

Co-immunoprecipitation (co-IP) assay
------------------------------------

After MGC-803 and SGC-7901 cell lysates were centrifuged, the supernatant was added to 50% protein A/G agarose bead solution respectively according to the proportion of 100 µL of the bead solution to 1000 μL of the supernatant. Protein A/G agarose beards were discarded by transferring the supernatant to another tube after the non-specific binding proteins were removed from the beads. The TNFRSF11B and GSK3 β antibodies were used to pull down the proteins that interacted with TNFRSF11B and GSK3 β, respectively. And western blot was performed according to the above method. The IgG protein was used as positive control.

Animal studies
--------------

Animal experiments were approved by the ethics committee of Peking University Cancer Hospital and Institute, and performed in accordance with the national and institutional guidelines. All animal experiments were conducted in compliance with animal protocols approved by Peking University Cancer Hospital and Institute, and were carried out at the Animal Center of Peking University Cancer Hospital and Institute. Five-week-old female BALB/c nude mice (BALB/c-nu) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd.Their weights are 18±2 gram. Ten mice were randomly divided into two groups for the construction of Subcutaneous tumor formation model (five mice per group). The Scramble and shTNFRSF11B transfectants of MGC803 cells (4×10^5^ cells in 100 μL volume) were injected into both forelegs of BALB/c-nude mice. The tumors growth was monitored every 5 days and measured the width and length of the tumors with a caliper in two months. The vital signs of mice were observed also every 5 days after injection, no death was observed in the two groups. Two months later, the mice were euthanised with carbon dioxide, and the Subcutaneous tumor were removed. We do not dispose of the dead animal until it has been confirmed dead. We calculate the tumor volume by the formula V=0.5×L×W^2^ (L=length and W=width).

Statistical analysis
--------------------

Statistical analysis was performed with SPSS 24.0 (SPSS Inc., Chicago, IL, USA) and GraphPad prism 5.0. The data are expressed in the way of mean±SD error. Statistical tests were used by the student\'s *t*-test, one-way ANOVA and Chi-square test. *P*-value less than 0.05 was considered as a statistically significant difference for each statistical analysis.

Results
=======

Bioinformatic analysis of TNFRSF11B expression in online databases
------------------------------------------------------------------

The expression of TNFRSF11B was analyzed from the Cancer Genome Atlas (TCGA) project gastric cancer database and Oncomine database. Overall, we found that the expression of TNFRSF11B was higher in all of the gastric cancer tissues compared with normal tissues, suggesting that TNFRSF11B may be a crucial factor in gastric cancer (Fig. [1](#F1){ref-type="fig"}A and B).

High expression of TNFRSF11B predicts a poor prognosis in GC patients
---------------------------------------------------------------------

The expression of TNFRSF11B was measured by immunohistochemistry (IHC) in gastric cancer tissues. TNFRSF11B was rarely expressed in the normal gastric mucosa, but was highly expressed in the cytoplasm of gastric cancer tissues (Fig. [1](#F1){ref-type="fig"}C). The expression rate of TNFRSF11B in gastric cancer tissues was 74.3% (52/70). To elucidate the role of TNFRSF11B in the carcinogenesis of gastric cancer, we analyzed the relationship between TNFRSF11B expression and the clinicopathological characteristics of gastric cancer patients (Table [1](#T1){ref-type="table"}).The frequency of TNFRSF11B expression increased remarkably with the progression of TNM stage (Fig.[1](#F1){ref-type="fig"}D). However, there was no significant difference between TNFRSF11B expression and other clinicopathological parameters. The reasons may be the low number of cases.KM survival curve analysis showed that among the 70 patients, the 5-year OS rate of patients with TNFRSF11B positive expression was lower than that of patients with TNFRSF11B negative expression (*P*=0.043, Fig.[1](#F1){ref-type="fig"}E). Multivariate Cox regression showed that there was not enough evidence to suggest the TNFRSF11B expression was an independent factor for the prognosis of gastric cancer patients ([Table S1](#SM0){ref-type="supplementary-material"}). It also may be due to a lack of cases.

The mRNA expression of TNFRSF11B was measured by gene microarray. TNFRSF11B mRNA expression in GC tissues was significantly higher than that in tissues from corresponding surgical margins (Fig. [1](#F1){ref-type="fig"}F, *P*\<0.001).KM survival curve analysis showed that the 5-year OS rate of patients with high TNFRSF11B mRNA expression was lower than that of patients with low TNFRSF11B mRNA expression among the 160 patients (Fig.[1](#F1){ref-type="fig"}G, *P*=0.0025). These results demonstrated that TNFRSF11B was highly expressed in the GC and associated with the patient poor outcome.

Establishment of TNFRSF11B overexpression and knockdown in GC Cells
-------------------------------------------------------------------

To further investigate the role of TNFRSF11B in GC, we first detected the expression level of TNFRSF11B in five GC cell lines. As shown in [Fig. S1](#SM0){ref-type="supplementary-material"} A, we found that TNFRSF11B had low expression levels in HGC-27 and BGC-823 cells and had high expression levels in MGC-803 and SGC-7901 cells. We established stable cell lines transduced by the lentivirus carrying the TNFRSF11B gene. We overexpressed TNFRSF11B in HGC-27 and BGC-823 cell lines and knocked-down TNFRSF11B in MGC-803, SGC-7901 cell lines. Western blot analysis were used to verify overexpression and suppression of TNFRSF11B following transfection with appropriate plasmids. The protein expression of TNFRSF11B were significantly increased in HGC-27 and BGC-823 overexpression cells in comparison to control cells ([Fig. S1](#SM0){ref-type="supplementary-material"} B and C).The TNFRSF11B protein expression were strongly inhibited in MGC-803 and SGC-7901 knockdown cells in comparison to control cells ([Fig. S1](#SM0){ref-type="supplementary-material"} D and E).

TNFRSF11B promotes cell growth *in vitro* and *in vivo*
-------------------------------------------------------

We examined the role of TNFRSF11B in proliferation by using the RTCA system. The results indicated that the proliferation activities were strongly promoted in HGC-27 and BGC-823 TNFRSF11B overexpression cells (Fig. [2](#F2){ref-type="fig"} A and B). The proliferation activities were significantly inhibited in MGC-803 and SGC-7901 TNFRSF11B knockdown cells (Fig.[2](#F2){ref-type="fig"}C and D). Moreover, we further investigated the TNFRSF11B in clonogenicity of GC cells by colony formation assay. Up-regulation of TNFRSF11B significantly increased cell clonogenicity in HGC-27 and BGC-823 cells (Fig. [2](#F2){ref-type="fig"}E and F). Down-regulation of TNFRSF11B significantly reduced cell clonogenicity in MGC-803 and SGC-7901 cells (Fig. [2](#F2){ref-type="fig"}G and H).To assess the tumorigenic ability of TNFRSF11B, MGC803 cells stably transfected with Scramble and shTNFRSF11B (shRNA 2\#) was subcutaneously injected into the mice, respectively. There were five mice in the experimental group and five in the control group. They were killed after 2 months of observation. Knockdown of TNFRSF11B in MGC803 cells markedly reduced the tumor size (*P*=0.049) and weight of xenografts (*P*=0.014). And the growth of tumor was slower in the shTNFRSF11B group compared to the Scramble group (Fig. [2](#F2){ref-type="fig"}I). These in vitro and in vivo results support the tumor progression role of TNFRSF11B in GC.

TNFRSF11B Promotes GC Cell Migration and Invasion
-------------------------------------------------

We assessed the effect of TNFRSF11B in migration and invasion through the IncuCyte Zoom system and transwell chamber assay. We identified that the migration activities were significantly higher in HGC-27 and BGC-823 overexpression cells (Fig. [3](#F3){ref-type="fig"}A and B). And the migration activities were more lower in MGC-803 and SGC-7901 TNFRSF11B knockdown cells (Fig. [3](#F3){ref-type="fig"}Cand D). In transwell chamber assay, Up-regulation of TNFRSF11B significantly promoted cell migration and invasion in HGC-27 and BGC-823 cells (Fig. [3](#F3){ref-type="fig"}E and F). Down-regulation of TNFRSF11B markedly prevented cell migration and invasion in MGC-803 and SGC-7901 cells (Fig. [3](#F3){ref-type="fig"}G and H).

Effects of TNFRSF11B on cell cycle and apoptosis in GC cells
------------------------------------------------------------

We selected shRNA 2\# cell lines with better knockout results for other related experiments (shTNFRSF11B is shTNFRSF11B-2).To certify whether TNFRSF11B manipulates cell growth by influencing DNA synthesis or apoptosis, we monitored cell cycle by fluorescence flow cytometry on a FACScan machine. We identified no significant differences in cell cycle progression in TNFRSF11B overexpression and knockdown cells versus control cells ([Fig.S2](#SM0){ref-type="supplementary-material"} A-D). In contrast, apoptosis had significantly variation in TNFRSF11B overexpression and knockdown cells compared with control cells. Apoptosis was assessed by annexin V and PI staining in GC cells. TNFRSF11B- infected cell groups showed decreased apoptosis rate compared to their corresponding control ones in HGC-27 and BGC-823 cells (Figure. 4A and B) shTNFRSF11B-infected cell groups showed increased apoptosis rate compared to their corresponding control ones in MGC-803 and SGC7901 cells (Figure. 4C and D).

In TUNEL assay, the apoptotic cell rate in the HGC-27 and BGC-823 TNFRSF11B overexpression group was significantly lower than the control group (Fig. [4](#F4){ref-type="fig"}E; [Fig. S3](#SM0){ref-type="supplementary-material"} A). The apoptotic cell rate in the MGC-803 and SGC-7901 TNFRSF11B knockdown group was significantly increased (Fig. [4](#F4){ref-type="fig"}F; [Fig. S3](#SM0){ref-type="supplementary-material"} B).

Apoptosis associated protein, such as Caspase9, PARP, BCL-2, BAX and etc., were detected by western blot for further research. The results showed that the expression of BCL-2 was higher in HGC-27 and BGC- 823 TNFRSF11B overexpression cells than control cells. The expression of BAX, PARP and Caspase3 were lower in HGC-27 and BGC-823 TNFRSF11B overexpression cells(Fig. [4](#F4){ref-type="fig"}G). In contrast, there were the inverse results in MGC-803 and SGC-7901 TNFRSF11B knockdown cells (Fig. [4](#F4){ref-type="fig"}H). It could be because TNFRSF11B competed for the binding of TRAIL to death activated receptors, providing a mechanism to prevent apoptosis in the presence of TRAIL.

TNFRSF11B activates Wnt/β-catenin signaling pathway
---------------------------------------------------

Next, we researched the downstream effectors of TNFRSF11B in gastric cancer. Firstly, we used Top-flash and derived Fop-flash reporter assays to detect the transcriptional activity of β-catenin. Overexpression of TNFRSF11B significantly enhanced the transcriptional activity of β-catenin in BGC-823 cells (Fig. [5](#F5){ref-type="fig"}A), which was suppressed by knockdown of TNFRSF11B in MGC-803 cells (Fig. [5](#F5){ref-type="fig"}B). It suggested that TNFRSF11B may promote β-catenin activity. Secondly, the intracellular localization of active β-catenin was detected using fluorescent microscopy. The proportion of nuclear active β-catenin showed positively correlation with TNFRSF11B expression (Fig. [5](#F5){ref-type="fig"}C and D). The correlation between AXIN2, LGR5, LRP6 with TNFRSF11B expression in human GC samples was analyzed via TCGA database (GEPIA website: <http://gepia.cancer-pku.cn/detail.php>). We found that TNFRSF11B was significantly correlated with these genes ([Fig. S4](#SM0){ref-type="supplementary-material"}A). Moreover, these genes were analyzed in cell lines by qRT-PCR. Overexpression of TNFRSF11B increased the expression of AXIN2, LGR5 and LRP6 in BGC-823 cells ([Fig. S4](#SM0){ref-type="supplementary-material"}B). Knockdown of TNFRSF11B decreased the expression of AXIN2, LGR5 and LRP6 in MGC- 803 cells ([Fig. S4](#SM0){ref-type="supplementary-material"}C).The fractionation experiments proved the significant changes in β-catenin protein levels in both the nucleus and cytoplasm when TNFRSF11B was upregulated (Fig. [6](#F6){ref-type="fig"}A) or downregulated (Fig. [6](#F6){ref-type="fig"}B), indicating that TNFRSF11B may promote β-catenin by enhancing its protein expression. Direct detection of the β-catenin levels in total protein and its downstream targets provided additional evidence for this hypothesis. Overexpression of TNFRSF11B increased total β-catenin expression (Fig. [6](#F6){ref-type="fig"}C). Knockdown of TNFRSF11B decreased total β-catenin expression (Fig. [6](#F6){ref-type="fig"}D). Overexpression of TNFRSF11B increased the protein expression of CyclinD1, c-Myc, MMP-7, GSK3β, p-GSK3β in BGC-823 cells (Fig. [6](#F6){ref-type="fig"}E). Knockdown of TNFRSF11B decreased the protein expression of CyclinD1, c-Myc, MMP-7, GSK3β, p-GSK3β in SGC-7901 cells (Fig. [6](#F6){ref-type="fig"}F). These data further confirm that TNFRSF11B play significant effects on β-catenin protein expression.

The nuclear localization of β-catenin and protein expression is strictly regulated by GSK-3β.GSK-3β Phosphorylation at Ser9 results in decrease in β-catenin phosphorylation at Ser37/Thr41 and subsequent increase in β-catenin activity. Therefore, we detected the role of TNFRSF11B on GSK-3β phosphorylation. Overexpression of TNFRSF11B in GC cells led to an upregulation of GSK-3β phosphorylation at Ser9 (Fig. [6](#F6){ref-type="fig"}E). Nevertheless, knockdown of TNFRSF11B showed the opposite results (Fig. [6](#F6){ref-type="fig"}F). It was suggested that TNFRSF11B may promote the activity of β-catenin activity by upregulating GSK-3β phosphorylation at Ser9.The co-immunoprecipitation analysis of MGC-803 and SGC-7901 GC cell lines showed mutual interaction between TNFRSF11B and GSK-3β, which suggested that TNFRSF11B may regulate GSK-3β phosphorylation through protein interaction (Fig. [6](#F6){ref-type="fig"} G).

Based on the above, these data revealed that TNFRSF11B promoted cell proliferation, migration and invasion in gastric cancer via Wnt/β-catenin pathway possibly and TNFRSF11B may regulate GSK-3β phosphorylation through protein interaction. The probable mechanism of TNFRSF11B inhibiting apoptosis is that TNFRSF11B competed for the binding of TRAIL to death activated receptors, providing a mechanism to prevent apoptosis in the presence of TRAIL (Fig. [6](#F6){ref-type="fig"}H).

Discussion
==========

TNFRSF11B expressed in various solid tumors and performs multiple effects in pathophysiological processes, which is closely related to the tumorigenesis and development of tumors. However, the knowledge on the expression patterns and biological function of TNFRSF11B remains limited in the progression of GC. In the present study, we found that the expression of TNFRSF11B was higher in gastric cancer tissues compared to normal tissues from the TCGA and Oncomine databases. In immunohistochemistry assay, we detected that the expression of TNFRSF11B was upregulated in gastric cancer. In order to clarify the role of TNFRSF11B in the pathogenesis of gastric cancer, we analyzed the relationship between the expression of TNFRSF11B and the clinicopathological characteristics of GC patients. TNFRSF11B obviously correlated with TNM stage. However, there was no significant difference between TNFRSF11B expression and other clinicopathological parameters. The reason might be small number of GC samples and we need larger cases for further study. The results of immunohistochemistry and gene microarray analysis indicated that TNFRSF11B was correlated with poor prognosis. These data support similar trends that have been reported in a wide range of solid tumors, including breast, pancreas, colorectum [@B13], [@B25], [@B26].

To further certify the effects of TNFRSF11B in gastric carcinogenesis and progression, the roles of upregulating and downregulating TNFRSF11B on cell function were assessed. In our research, the results showed that the TNFRSF11B promoted cell proliferation, migration, invasion and unlimited growth *in vitro* and tumorigenic ability *in vitro* and *in vivo*.

A number of studies have suggested that TNFRSF11B was also considered as a survival factor for tumor cells inhibiting tumor cell apoptosis [@B9]. *In vitro* studies suggested that TNFRSF11B exerted tumor-promoting effects by binding to TRAIL [@B27]-[@B29], thereby preventing induction of apoptosis [@B30]. Our research showed that apoptosis had significant variation in TNFRSF11B overexpression and knockdown cells compared with control cells in flow cytometric analysis, TUNEL assay and western blot. The results demonstrated that TNFRSF11B inhibited apoptosis in GC cells. It maybe indicate that TNFRSF11B mediates resistance to TRAIL-induced apoptosis, thereby preventing induction of apoptosis. It requires further research for us. However, we identified that TNFRSF11B had no significant effect on cell cycle distribution in GC cells.

The Wnt/β -catenin signaling pathway is known as the primary driver of cancer development in gastric cancer [@B31], [@B32]. TNFRSF11B may offer a survival protection on TNFRSF11B-producing tumor cells and contribute to tumorigenesis and the survival of cancer cell via driving TNFRSF11B expression by the Wnt/ β-catenin pathway [@B13], [@B24]. Our study confirmed that TNFRSF11B increased β-catenin and related protein expression. And the proportion of nuclear active β-catenin showed positively correlation with TNFRSF11B expression. TNFRSF11B can upregulate GSK-3β phosphorylation. However, it is not clear how TNFRSF11B promotes GSK-3β phosphorylation. It has been reported that the phosphorylation of GSK-3β at Ser9 is regulated by several kinases, including protein kinases A, B and C [@B33], [@B34]. One possibility is that TNFRSF11B directly or indirectly activates the activity of these kinases. Another one is that TNFRSF11B competes with these kinases for binding sites in GSK-3β. This will physically isolate these kinases from GSK-3β. Our research suggested that TNFRSF11B may regulate GSK-3β phosphorylation through protein interaction. So we speculated that TNFRSF11B may compete with these kinases for binding sites by binding with GSK-3β.

More work is needed to demonstrate the exact molecular mechanism of TNFRSF11B-mediated GSK-3β phosphorylation regulation. The transcription complex of β-catenin/TCF regulates the expression of a variety of downstream target genes, including crucial oncogenes such as MMP-7, Cyclin D1 and c-Myc [@B35], [@B36]. It is of great significance to clarify that the β-catenin downstream targets are involved in mediating its carcinogenic effect in gastric cancer. These studies will further contribute to the analysis of the molecular mechanisms of β-catenin in gastric cancer.

Our research systematically assessed the effects of TNFRSF11B in gastric cancer and found the novel regulation of the GSK3β/β-catenin pathway through TNFRSF11B. These researches suggest that TNFRSF11B may have potential as a biomarker and clinical target in gastric cancer, warranting further study into the biological role of TNFRSF11B in gastric cancer. Inhibition of TNFRSF11B expression may provide a novel treatment for gastric tumor patients with overexpression of TNFRSF11B.
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:   Tumor necrosis factor receptor superfamily member 11B
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:   Terminal deoxynucleotidyl transferase dUTP nick end labeling
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![**The expression of TNFRSF11B in gastric cancer. (A)** The expression of TNFRSF11B was analyzed in the Cancer Genome Atlas (TCGA) project gastric cancer database, where a significant elevation in TNFRSF11B expression was observed in gastric adenocarcinoma tissues(n=415) compared to normal tissues(n=34). **(B)** The expression of TNFRSF11B was also analyzed in the Oncomine database where diffuse gastric adenocarcinoma (n=45), gastric adenocarcinoma(n=173), gastric intestinal type adenocarcinoma (n=41), gastric tubular adenocarcinoma (n=31) and mucinous gastric adenocarcinoma (n=12) were all found to be enhanced in comparison to normal tissues(n=330). **(C)** Expression of TNFRSF11B by immunohistochemical staining. Original magnification: 200×. N: normal stomach; T: gastric cancer **(D)** Association between TNFRSF11B expression status and TNM stage. **(E)** Kaplan-Meier survival curves of overall survival for 70 gastric cancer patients with TNFRSF11B-negative vs TNFRSF11B-positive GC tissue by IHC. **(F)** The expression of TNFRSF11B in primary GC (T) and corresponding surgical margin (N) tissues was examined by gene microarray analysis. **(G)** Kaplan-Meier survival curves of overall survival (OS) for 160 patients with TNFRSF11B-negative vs. TNFRSF11B-positive by gene microarray analysis.](ijbsv16p1956g001){#F1}

![**TNFRSF11B promotes GC cell growth *in vitro* and *in vivo*. (A** and**B)** Proliferation activities were higher in HGC-27 and BGC-823 overexpression cells.**(C** and**D)** Proliferation activities **were** lower in MGC-803 and SGC-7901 knockdown cells. **(E** and**F)** Up-regulation of TNFRSF11B significantly increased cell clonogenicity in HGC-27 and BGC-823 cells. **(G and H)** Down-regulation of TNFRSF11B significantly reduced cell clonogenicity in MGC-803 and SGC-7901 cells. **(I)** Photograph showing tumor formation in nude mice injected with MGC803-Scramble and shTNFRSF11B, as well as tumor weights and tumor growth curve. The data are shown as mean ± SD. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001](ijbsv16p1956g002){#F2}

![**TNFRSF11B promotes GC cell migration and invasion. (A** and**B)** In HGC-27 and BGC-823 overexpression cells, migration activities were significantly higher. **(C** and**D)** In MGC-803 and SGC-7901 cells, migration activities were significantly lower in TNFRSF11B knockdown cells. **(E** and**F)** TNFRSF11B overexpression increased migration and invasion of HGC-27 and BGC-823 cells in comparison to their respective control cells. **(G** and**H)** TNFRSF11B knockdown reduced migration and invasion ability in MGC-803 and SGC-7901 cells.\**p***\<**0.05, \*\**p***\<**0.01, \*\*\**p***\<**0.001](ijbsv16p1956g003){#F3}

![**Effects of TNFRSF11B on apoptosis in GC cells. (A and B)** TNFRSF11B overexpression cell groups showed decreased apoptosis rate in HGC-27 and BGC-823 cells. **(C and D)**TNFRSF11B knockdown cell groups showed increased apoptosis rate in MGC-803 and SGC7901 cells. **(E)** In TUNEL assay, the apoptotic cell rate in the HGC-27 TNFRSF11B overexpression group was significantly lower than the control group. **(F)** The apoptotic cell rate in the MGC-803 TNFRSF11B knockdown group was significantly higher than the control group. **(G)** The expression of BCL-2 was higher and the BAX, PARP and Caspase3 were lower in HGC-27 and BGC-823 TNFRSF11B overexpression cells than control cells. **(H)** The expression of BCL-2 was low and the BAX、PARP and Caspase3 were high in MGC-803 and SGC-7901 cells. 1: Mock, 2: TNFRSF11B, 3: Scramble, 4: shTNFRSF11B. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001](ijbsv16p1956g004){#F4}

![**TNFRSF11B affected β-catenin activity and the nuclear localization of β-catenin. (A)** Overexpression of TNFRSF11B significantly enhanced the transcriptional activity of β-catenin in BGC-823 cells by TOP-Flash reporter assay. **(B)** Knockdown of TNFRSF11B significantly suppressed the transcriptional activity of β-catenin in MGC-803 cells by TOP-Flash reporter assay. **(C and D)** The nuclear localization of active β-catenin in four GC cells was detected using immunofluorescent microscopy. The representative images are shown. The proportion of nuclear active β-catenin showed positively correlation with TNFRSF11B expression. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001](ijbsv16p1956g005){#F5}

![**TNFRSF11B increased β-catenin and related protein expression and hypothetic model for the mechanism of TNFRSF11B in gastric cancer. (A)** Overexpression of TNFRSF11B increased the protein level of cytoplasmic and nuclear β-catenin in BGC-823 cells.**(B)** Knockdown of TNFRSF11B decreased the protein level of cytoplasmic and nuclear β-catenin in MGC-803 cells. **(C)** Overexpression of TNFRSF11B increased β-catenin expression in HGC-27 and BGC-823 cells.**(D)** Knockdown of TNFRSF11B decreased β-catenin expression in MGC-803 and SGC-7901 cells. **(E)** Overexpression of TNFRSF11B increased the protein expression of CyclinD1, c-Myc, MMP-7, GSK3β, p-GSK3β in BGC-823 cells. **(F)** Knockdown of TNFRSF11B decreased the protein expression of CyclinD1, c-Myc, MMP-7, GSK3β, p-GSK3β in SGC-7901 cells. **(G)** The Co-immunoprecipitation analysis of MGC-803 and SGC-7901 GC cell lines showed mutual interaction between TNFRSF11B and GSK-3β. **(H)** Hypothetic model for the function and mechanism of TNFRSF11B in gastric cancer. 1:Mock, 2:TNFRSF11B, 3:Scramble, 4: shTNFRSF11B. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001](ijbsv16p1956g006){#F6}

###### 

Relationship between TNFRSF11B expression and clinicopathological features in patients with gastric cancer

  Clinicopathological Features   TNFRSF11B expression   χ^2^        *P*     
  ------------------------------ ---------------------- ----------- ------- -------
  **Gender**                                                        1.264   0.261
  Male                           11 (22.0)              39 (78.0)           
  Female                         7 (35.0)               13 (65.0)           
  **Age, year**                                                     0.286   0.593
  ≤60                            11(28.2)               28 (71.8)           
  \>60                           7(22.6)                24 (77.4)           
  **Tumor location**                                                0.005   0.944
  Cardiac                        5 (26.3)               14 (73.7)           
  Non cardiac                    13(25.5)               38 (74.5)           
  **Tumor size**                                                    0.654   0.419
  ≤4cm                           12 (29.3)              29 (70.7)           
  \>4cm                          6 (20.7)               23(79.3)            
  **Differentiation**                                               0.974   0.807
  Low                            8 (22.9)               27 (77.1)           
  Medium-low                     7 (29.2)               17 (70.8)           
  Medium                         2 (22.2)               7(77.8)             
  High                           1(50)                  1(50)               
  **Vascular invasion**          0.321                  0.571               
  Absent                         9 (29.0)               22(71.0)            
  Present                        9(23.1)                30 (76.9)           
  **Depth of invasion**                                             0.033   0.855
  T1-2                           2(28.6)                5(71.4)             
  T3-4                           16 (25.4)              47(74.6)            
  **Lymph node**                                                    2.372   0.499
  N0                             4(30.8)                9(69.2)             
  N1                             4(40.0)                6(60.0)             
  N2                             5(27.8)                13(72.2)            
  N3                             5(17.2)                24(82.8)            
  **Distant metastasis**                                            0.532   0.466
  M0                             17 (27.0)              46 (73.0)           
  M1                             1 (14.3)               6 (85.7)            
  **TNM stage**                                                     2.348   0.503
  I                              2 (40.0)               3(60.0)             
  II                             7 (35.0)               13 (65.0)           
  III                            8(21.1)                30 (78.9)           
  IV                             1(14.3)                6(85.7)             

Note: \**P*\<0.05. Abbreviations: TNFRSF11B: Tumor necrosis factor receptor superfamily member 11B
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